INTRODUCTION
Toxic effects of such organic mercury compounds as methylmercury and such heavy metals as mercury have long been recognized. Interest in these substances has recently increased as a result of anxiety over hazards that may be caused by pollution. Many different types of studies have been done and much information is now available an these toxic substances. However, the modes of action of some substances are very complex and are still unknown. In discussing modes of action, the importance of a biochemical lesion has been suggested.
In this paper, I report the effects of the organic mercury compounds: methyl-, ethyl-, propyl-, butyl-, and phenyl-mercury, and of the heavy metals: mercury, lead, cadmium, copper, zinc, cobalt, and nickel, on the oxidative and phosphorylative systems in mitochondria in an attempt to define their biochemical actions. Most reports have measured the amount of inorganic phosphate in order to estimate the reaction products of oxidative phosphorylation or ATPase activity in mitochondria.
To determine the reaction products found in this study, ATP, ADP, and AMP were simultaneously measured using the method described in a previous paper1). This made it possible to obtain remarkable information which connects the reaction products with the patterns of the effects of each substance examined on the enzymatic systems in mitochondria. MATERIALS 
AND METHODS
Preparation of the Mitchondrial Fraction: After decapitation of the rats, the livers were quickly removed. About 4 to 6g of liver was placed in 20ml of ice-cold medium for the mitochondrial preparation, which contained 0.25M sucrose and 10mM tris-HCl buffer at pH 7.4. The liver was cut with scissors to remove excess blood. The supernatant was replaced twice with the medium. Finally, 40ml of the medium was added and the suspension was homogenized with a teflon homogenizer rotating at 500rev./min.
The homogenate was adjusted to pH 7.4 with 5N KOH solution procedure was repeated once more. The final sediment was suspended in the preparation medium.
In these experiments, the suspension of mitochondria was used immediately. Each test tube contained 0.9 ml of a solution with 0.25M sucrose, 10mM KCl, 5mM MgCl2 and 10mM Tris-HCl at pH 7.4. Ten microliters of ATP solution (pH 7.4), in a chondrial suspension was added and the mixture was allowed to react for 10 minutes. The reaction was stopped by the addition of 0.1ml of ice-cold, 60% perchloric acid. After stirring it, the suspension was centrifuged at 4,000rpm for 10 minutes. Adenine nucleotides were determined as described above. Addition Agent:
Measurements
All heavy metals in the solution were added as the respective chloride salts, except for lead which was added as the nitrate salts. Organic mercury compounds were used as solutions in dimethylformamide.
When inhibitors dissolved in dimethylformamide were used, the final concentration of dimethylformamide was kept lower than 1% (V/V) throughout the experiments.
RESULTS

Effects of Various Organic
Mercury Compounds on Oxidative Phosphorylation:
The effects of various concentrations of organic mercury compounds on the oxidative and phosphorylative capacities of rat-liver mitochondria were investigated with succinate as the substrate.
Results are summarized in Table 1 . Methylmercury inhibited both oxidation and mately parallel to that of phosphorylation up to a certain concentration of methylmercury.
inhibited phosphorylation ( Table 1 ). The P/O ratio decreased to 0.17. These results suggest that methylmercury has an uncoupling effect in a moderate concentration range, although it inhibits both oxidation and phosphorylation in ranges that are lower or higher. The same investigation was carried out with a known uncoupler, 2, 4-dinitrophenol (DNP), for comcoupling effect which was indistinguishable from the one observed for methylmercury at a effects on oxidative phosphorylation. Although some differences in the degree of inhibition and the effective concentrations were observed among the compounds, oxidation and phosphorylation were inhibited in parallel with the increase in concentrations of the inhibitors. Therephosphorylation was usually reduced to a somewhat greater degree than with oxidation when phenyl-, butyl-, propyl-, and ethyl-mercury were used as inhibitors.
The decrease in the P/O ratio was calculated. Figure 1 shows the effects of DNP and methylmercury on the respiratory process. The P/O ratio could be calculated from the ratio of ADP added to 2)3) The determination of ATP, ADP, and AMP in the present experiments revealed that added ADP was not exhausted at the end of state 3 respiration. To explain the above results, the respiratory capacities of mitochondria should be assumed to depend on their energy levels. Accordingly, the respiratory state shifted to state 4, though ADP to be phosphorylated still remained in the reaction system. The amounts of ATP and ADP determined at a deflection point to state 4 respirations were 951 and 282 nmoles, respectively in the control, and 928 and 381 nmoles in the experimental in both cases. The P/O ratios for the control and for the experimental sample containing respiratory control was observed, but the rate of respiration was restored (see Figure 1) . ATP, ADP and AMP were determined at the point where dissolved oxygen was almost mercury were 173, 553, and 563 nmoles, respectively, and were 163, 401, and 536 nmoles, 0.17 and 0.33, respectively (Table 1) . DNP has been reported to uncouple phosphorylation linked to electron transfer and to activate the ATPase of mitochondria. However, the present Table 2: DNP and methylmercury  strongly  stimulated ATP hydrolysis, the products of which were ADP and AMP. The amounts of AMP produced in 10 minutes of reaction time were greater than those of the ADP produced. ATP was completely degraded to AMP with an increase in the reaction time.
Other organic ratio significantly decreased, also stimulated ATP hydrolysis and produced AMP (Tables 1  and 2 ).
Effects of Various Heavy Metals on Oxidative Phosphorylation:
The effects of various heavy metal ions on respiratory activity and Phosphorylation efficiency (P/O ratio) are shown in Table 3 . The table shows that although there were some differences in the effects and in the effective concentrations, the metal ions tested different behavior, the rates of oxygen consumption were almost unchanged or were stimulated with an increase in the concentrations of metal ions. Phosphorylation was usually strongly Figure 2 . There were some differences in the rate of respiration, but in certain situations, both Cd++ and Hg++ produced effects indistinguishable from those of DNP and methylmercury ( Figure 1) . Remarkably the metal ions tested stimulated the production of AMP, as did DNP and the organic mercury compounds, at certain concentrations of those inhibitors where the P/O ratio decreased. Effects of Heavy Metals on ATP Hydrolysis:
The effects of various heavy metal ions on the ATP hydrolysis of mitochondria are summarized in Table 4 . All the metal ions tested stimulated ATP hydrolysis. The products of this hydrolysis were ADP and AMP, which were the products with DNP and organic mercury componds. The metal ions which have pronounced uncoupling effects on phosphorylation have high rates of ATP degradation and AMP production.
DISCUSSION
There are two types of biochemical studies of mitochondria: One is an examination of the mechanism of oxidative phosphorylation mediated by the enzymatic system in mitochondria. The other is the study of the biochemical properties of mitochondria in order to obtain information that is applicable to the physiology and biochemistry of the whole animal. These two types may overlap. The study reported here was made in order to demonstrate the general features of inhibitory action on the mitochondrial function caused by various organic mercury compounds and heavy metals. Measurements of the oxygen uptake and the adenine nucleotides show three possible results: no inhibition or stimulation of respiration but a lowering of the P/O ratio; inhibition of respiration with an unchanged P/O ratio; and inhibition of respiration with a lowered P/O ratio. A typical example of the first of these is the uncoupling action of DNP. At concentrations of 10-6 to 10-5M both the organic mercury compounds and heavy metals have detrimental effects on the oxidative phosphorylation of mitochondria.
The inhibitory patterns are dependent upon the concentrations of the added inhibitors.
In the presence of organic mercury compounds, the second possibility has been observed at low concentrations of inhibitors and the third possibility at high concentrations (Table 1) . Among the organic mercury compounds tested, however, methylmercury characmercury restores oxygen uptake to the control level and strongly inhibits the phosphorylation linked to respiration, which shows an uncoupling effect. In the presence of heavy metals, the first possible inhibitory pattern has been observed at low concentrations and the second at high concentrations of inhibitors (Table 3) All the heavy metal ions tested, except for Co++ and Ni++, basically produce the same effects. This provided positive evidence for the uncoupling of oxidative phosphorylation, although some differences in the degree and in the effective concentrations for each heavy metal ion have been observed. Cd++ has been reported to produce an uncoupling effect on phosphorylation at the low concentration of 10-6M5,6). The results reported here reveal that Cd++ acts to uncouple oxidative phosphorylation in a manner similar to that reported previously.
At low concentrations of 10-6 to 10-5M other heavy metal ions also had the same effects as Cd.++ The next most potent metal was Zn++, followed by Cu++, Hg++, and Pb++ (Table 3 ). The divalent ions Ca++, Sr++, Mn++, Pb++, and Zn++ are accumulated in mitochondria and can cause morphological changes7-10). The mechanism of divalent ion transport in mitochondria and its relation to oxidative phosphorylation is not entirely understood. However, in accounting for the results of this study, it was assumed that analogous to the Ca++ and Zn++ uptake in mitochondria7,10), a diversion of the energy derived from the electron transport chain to the active accumulation of metal ions would prevent ATP synthesis and would interfere with maintenance of the ionic concentration across the membrance barriers. The direct measurement of adenine nucleotides in the oxidative phosphorylation experiments has proved that both organic mercury compounds and heavy metals stimulate the production of AMP when their concentrations act to lower the P/O ratio. DNP also stimulates the production of AMP in addition to producing an uncoupling effect. An assessment of the effects of organic mercury compounds and heavy metals on ATPase activity was made by comparing them with the action of DNP. Studies of ATPase activity have shown that besides activating ATPase organic mercury compounds, heavy metals, and DNP markedly accelerate the production of AMP. The rates of ATP degradation and AMP production are high for methylmercury and the heavy metals, as well as for DNP, and they are able to produce pronounced uncoupling effects (Tables 1 and 3) . It is markedly interesting that both the organic mercury compounds and heavy metals stimulated AMP production in the oxidative phosphorylation experiments in which ADP was used as a phosphate acceptor, and that they acted to produce AMP as a product of the experiments on ATPase activity in which ATP was added as a substrate. The same phenomena were observed in the experiments with DNP. No comparable findings from other studies are available. Whether these are common phenomena produced by substances of diverse nature or they are the result of some primary action is not known. Data obtained so far are inadequate to support any particular mechanism for the relationship between AMP production and the energy coupling reaction in mitochondria. The present results do provide evidence that some enzymes which catalyze AMP production are closely related to the phosphorylation linked to the electron transport in mitochondria. AMP has been suggested as the initial acceptor of phosphate in ATP synthesis by chloroplasts and mitochondria. Thus, ATP is synthesized in two steps where bound AMP is phosphorylated to ADP, followed by the transfer of phosphate to another ADP11,12). The simplest hypothesis to explain the AMP production observed in this study is: If ADP is a high-energy intermediate in the energytransfer chain, the unilateral breakdown of ADP would divert energy derived from the electron-transfer chain to uncouple ATP synthesis. Since there are many basic uncertainties regarding the actual mechanisms involved in oxidative phosphorylation and its uncoupling action in mitochondria, detailed speculation about the effects of the various substances tested here on the whole system of mitochondria would be premature.
SUMMARY
The effects of organic mercury compounds: methyl-, ethyl-, propyl-, butyl-, and phenylmercury, and of the heavy metals: Hg++, Pb++, Cd++, Cu++, Zn++, Co++, and Ni++, on oxidative phosphorylation were investigated with rat-liver mitochondria in vitro. At low concentrations of 10-6 to 10-5M both the organic mercury compounds and heavy metals tested had detrimental effects on mitochondrial functions accompanied by decreases in the P/O ratio.
Of the organic mercury compounds tested, methylmercury showed unique results. When its concentration increased to a certain level, it restored respiration while strongly inhibiting phosphorylation.
At some concentrations, organic mercury compounds and heavy metals produced basically the same effects, i.e., an uncoupling effect and the stimulation of ATP hydrolysis, resulting in the production of AMP. These results were the same as those obtained with DNP. The production of AMP was remarkable in every case when the inhibitors tested acted to lower the P/O ratio and to accelerate ATP hydrolysis. However, it is not clear how and why such a relatively large amount of AMP is produced.
